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ABSTRACT
We present analyses of the spatial distributions of stars in the young (1 – 3Myr)
star-forming regions IC 348 and NGC1333 in the Perseus Giant Molecular Cloud. We
quantify the spatial structure using the Q-parameter and find that both IC348 and
NGC1333 are smooth and centrally concentrated with Q-parameters of 0.98 and 0.89
respectively. Neither region exhibits mass segregation (ΛMSR = 1.1
+0.2
−0.3 for IC348 and
ΛMSR = 1.2
+0.4
−0.3 for NGC1333, where ΛMSR ∼ 1 corresponds to no mass segrega-
tion), nor do the most massive stars reside in areas of enhanced stellar surface density
compared to the average surface density, according to the ΣLDR method.
We then constrain the dynamical histories and hence initial conditions of both
regions by comparing the observed values to N -body simulations at appropriate ages.
Stars in both regions likely formed with sub-virial velocities which contributed to merg-
ing of substructure and the formation of smooth clusters. The initial stellar densities
were no higher than ρ ∼ 100−500M⊙ pc
−3 for IC 348 and ρ ∼ 500−2000M⊙ pc
−3 for
NGC1333. These initial densities, in particular that of NGC1333, are high enough to
facilitate dynamical interactions which would likely affect ∼10 per cent of protoplan-
etary discs and binary stars.
Key words: stars: formation – kinematics and dynamics – open clusters and asso-
ciations: general – methods: numerical – open clusters and associations: individual:
IC 348, NGC1333
1 INTRODUCTION
Most stars form in regions where the local stellar den-
sity exceeds that of the Galactic field by several or-
ders of magnitude (Porras et al. 2003; Lada & Lada 2003;
Bressert et al. 2010). However, it is currently unclear what
fraction of stars are either born in, or experience, a
dense stellar environment before they disperse into the
field. If most star-forming regions are initially very dense
(e.g. >100 stars pc−3), then dynamical encounters can al-
ter or disrupt the orbits of binary stars (e.g. Kroupa
1995; Marks et al. 2011; Parker & Goodwin 2012) and plan-
etary systems (e.g. Bonnell et al. 2001; Adams et al. 2006;
Parker & Quanz 2012). It is therefore crucial to determine
the typical maximum density of star-forming regions before
they dissolve into the Galactic disc.
An initially dense star-forming region will expand due
to two-body relaxation (Gieles et al. 2012; Moeckel et al.
⋆ E-mail: R.Parker@sheffield.ac.uk
† Royal Society Dorothy Hodgkin Fellow
2012; Parker & Meyer 2012) and so the observed present-
day density may be much lower than the initial density. This
degeneracy can be overcome by incorporating information
on the spatial structure of the region. Stars form in filaments
(Andre´ et al. 2014), and this results in a hierarchically sub-
structured spatial distribution for the stars in some observed
regions (Cartwright & Whitworth 2004; Sa´nchez & Alfaro
2009), and in hydrodynamical simulations of star forma-
tion (Bonnell et al. 2003; Bate 2009; Dale & Bonnell 2012;
Dale et al. 2014).
In previous work, we have shown that combining the
spatial structure with measures of the relative spatial dis-
tribution of the most massive stars, compared to low-mass
stars, places constraints on the initial density and virial state
of a region (Parker et al. 2014; Parker 2014; Wright et al.
2014). Two-body relaxation erases primordial substructure
and leads to the most massive stars residing in areas of
relatively high local density (Parker et al. 2014), and vio-
lent relaxation can facilitate dynamical mass segregation on
timescales commensurate with the ages of young star clus-
ters (McMillan et al. 2007; Allison et al. 2010).
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In order to determine the initial or maximum density
of a star-forming region, a reasonably complete membership
census is required, as well as mass determinations for all ob-
jects. Thus far, only four star-forming regions – the Orion
Nebula Cluster, Taurus, ρ Ophiuchus and Cyg OB2 – have
had their initial densities constrained by this method. In
this paper, we use the most recent censuses of the nearby
(<350 pc), young (1 – 3Myr) IC 348 and NGC1333 star-
forming regions in the Perseus Giant Molecular Cloud from
Luhman et al. (2016) to determine the spatial structure and
relative spatial distributions of the most massive stars com-
pared to other stars and brown dwarfs.
The paper is organised as follows. In Section 2 we de-
scribe the datasets used, in Section 3 we outline the methods
used to quantify the spatial distributions and in Section 4
we present the results for IC 348 and NGC1333. We com-
pare these results to N-body simulations of the evolution of
star clusters to constrain the initial density of both regions
in Section 5. We provide a discussion in Section 6 and we
conclude in Section 7.
2 DATASETS
For the observational sample, we adopted the most re-
cent census of IC 348 and NGC 1333 clusters presented
in Luhman et al. (2016), where tens of new low-mass stars
and brown dwarf candidate members have been confirmed
spectroscopically. Additionally, Luhman et al. (2016) have
classified spectroscopically several previously known mem-
bers, resulting in an unprecedented census with a number
of members of 478 for IC 348 and 203 for NGC 1333. In
both clusters, all members have measured magnitudes and
an estimate of extinction, as well as a spectral type, except
for 19 members of IC 348 and 41 members of NGC 1333.
To estimate the masses of the members of the clusters,
we first converted spectral types to temperatures, adopt-
ing the temperature scale from Schmidt-Kaler (1982) for
stars earlier than M0, and the scale from Luhman et al.
(2003) for sources with spectral type between M0 and
M9.5. For the L dwarfs, we applied the scale proposed
by Lodieu et al. (2008). The bolometric luminosity was
calculated by de-reddening the magnitudes of the targets
with the extinction law from Rieke & Lebofsky (1985), us-
ing a distance to the clusters of 300 pc for IC 348 and
235 pc for NGC 1333, and bolometric corrections from
Pecaut & Mamajek (2013), Herczeg & Hillenbrand (2015),
and Dahn et al. (2002). Masses were derived from the evo-
lutionary models (Baraffe et al. 1998; Chabrier et al. 2000;
Siess et al. 2000) according to each target’s location on the
HR diagram. For the lowest mass brown dwarfs (spectral
types later than ∼M8), luminosities become more uncer-
tain both in the data and the models, and therefore masses
are derived only from temperatures using the models from
Chabrier et al. (2000).
In Fig. 1 we show the positions of the objects in IC 348,
and in Fig. 2 we show the positions of the objects in
NGC1333. In both plots the ten most massive stars in each
region are shown by the large red points. Both regions have
been extensively surveyed, and we show the areas that are
observationally complete by the dashed lines. In IC 348 this
corresponds to an area with radius 14’ from the central star
Figure 1. Map of objects in IC348. The red points indicate
the 10 most massive stars. The area within the dashed line is
the 14’ radius from the centre which is observationally complete
(Luhman et al. 2016).
Figure 2. Map of objects in NGC1333. The red points indicate
the 10 most massive stars. The area within the dashed lines is the
ACIS-I field from Luhman et al. (2016), which is observationally
complete.
BD +31 643 and in NGC1333 the area covered by the Chan-
dra X-ray Observatory Advanced CCD Imaging Spectrom-
eter (ACIS-I). In addition to the full datasets, we will also
perform our analyses only on objects within these areas.
3 METHODS
In this section we outline the techniques used to quantify
the spatial distributions of stars and brown dwarfs in IC 348
and NGC1333.
3.1 Spatial structure
We determine the amount of structure in a star form-
ing region by measuring the Q-parameter. The Q-
parameter was pioneered by Cartwright & Whitworth
c© 2017 RAS, MNRAS 000, 1–12
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(2004); Bastian et al. (2009); Cartwright & Whitworth
(2009); Cartwright (2009) and combines the normalised
mean edge length of the minimum spanning tree (MST) of
all the stars in the region, m¯, with the normalised correla-
tion length between all stars in the region, s¯. The level of
substructure is determined by the following equation:
Q =
m¯
s¯
. (1)
A substructured association or region has Q < 0.8, whereas
a smooth, centrally concentrated cluster has Q > 0.8. The
Q-parameter has the advantage of being independent of the
density of the star forming region, and purely measures the
level of substructure present.
3.2 Mass segregation
In order to quantify the amount of mass segregation present
in the clusters, we use the ΛMSR method, introduced by
Allison et al. (2009). This constructs a minimum spanning
tree (MST) between a chosen subset of stars and then com-
pares this MST to the average MST length of many random
subsets.
We find the MST of the NMST stars in the chosen sub-
set and compare this to the MST of sets of NMST random
stars in the region. If the length of the MST of the chosen
subset is shorter than the average length of the MSTs for
the random stars then the subset has a more concentrated
distribution and is said to be mass segregated. Conversely,
if the MST length of the chosen subset is longer than the
average MST length, then the subset has a less concentrated
distribution, and is said to be inversely mass segregated (see
e.g. Parker et al. 2011). Alternatively, if the MST length of
the chosen subset is equal to the random MST length, we
can conclude that no mass segregation is present.
By taking the ratio of the average (mean) random MST
length to the subset MST length, a quantitative measure of
the degree of mass segregation (normal or inverse) can be
obtained. We first determine the subset MST length, lsubset.
We then determine the average length of sets of NMST ran-
dom stars each time, 〈laverage〉. There is a dispersion asso-
ciated with the average length of random MSTs, which is
roughly Gaussian and can be quantified as the standard de-
viation of the lengths 〈laverage〉 ± σaverage . However, we con-
servatively estimate the lower (upper) uncertainty as the
MST length which lies 1/6 (5/6) of the way through an or-
dered list of all the random lengths (corresponding to a 66
per cent deviation from the median value, 〈laverage〉). This
determination prevents a single outlying object from heav-
ily influencing the uncertainty. We can now define the ‘mass
segregation ratio’ (ΛMSR) as the ratio between the average
random MST pathlength and that of a chosen subset, or
mass range of objects:
ΛMSR =
〈laverage〉
lsubset
+σ5/6/lsubset
−σ1/6/lsubset
. (2)
A ΛMSR of ∼ 1 shows that the stars in the chosen subset are
distributed in the same way as all the other stars, whereas
ΛMSR > 1 indicates mass segregation and ΛMSR < 1 indi-
cates inverse mass segregation, i.e. the chosen subset is more
sparsely distributed than the other stars.
There are several subtle variations of ΛMSR.
Olczak, Spurzem & Henning (2011) propose using the
geometric mean to reduce the spread in uncertainties, and
Maschberger & Clarke (2011) and Delgado et al. (2013)
propose using the median MST length to reduce the effects
of outliers from influencing the results. However, in the
subsequent analysis we will adopt the original ΛMSR from
Allison.
3.3 Relative local density
Maschberger & Clarke (2011) and Ku¨pper et al. (2011)
quantified the relative local density of a subset of objects
with respect to the average local stellar density in the clus-
ter. We calculate the local stellar surface density following
the prescription of Casertano & Hut (1985), modified to ac-
count for the analysis in projection. For an individual star
the local stellar surface density is given by
Σ =
N − 1
pir2N
, (3)
where rN is the distance to the N
th nearest neighbouring
star (we adopt N = 10 throughout this work).
To determine whether a particular subset of stars,
Σ˜subset, reside in areas of significantly higher than average
density than the cluster average Σ˜all, we divide Σ˜subset by
Σ˜all to define a ‘local density ratio’, ΣLDR:
ΣLDR =
Σ˜subset
Σ˜all
(4)
The significance of this measure of the local density of a
subset of stars compared to the cluster will be defined by a
Kolmogorov-Smirnov (KS) test between the Σ values of the
subset against the Σ values of the rest.
Parker et al. (2014) and Parker (2014) show that this
can then be used to trace the initial density of a star-forming
region because in very dense (>1000 stars pc−3) regions, the
most massive stars act as potential wells and collect retinues
of low-mass stars, leading to ΣLDR >> 1.
4 RESULTS
4.1 IC 348
4.1.1 Spatial structure
We apply the Q-parameter to the IC 348 dataset and obtain
Q = 0.98, which indicates a centrally concentrated distribu-
tion. Cartwright (2009) and Lomax et al. (2011) show that
centrally concentrated morphologies can be sub-categorised
by plotting the distribution of m¯, the mean MST length, and
s¯, the mean separation length, although for complex mor-
phologies this is highly non-trivial (Parker & Dale 2015). In
our data m¯ = 0.36 and s¯ = 0.36, which suggests a smooth,
centrally concentrated density profile of the form N ∝ r−2.5.
This is not as concentrated as a Plummer (1911) or King
(1966) profile, suggesting a dynamically young cluster – we
will examine this in more detail in the following Section 5.
Interestingly, Cartwright & Whitworth (2004) findQ =
0.98 for IC 348, with m¯ = 0.48 and s¯ = 0.49 for 288 objects
from the Luhman et al. (2003) sample, which is also consis-
tent with an N ∝ r−2.5 profile.
If we restrict our determination of the Q-parameter
c© 2017 RAS, MNRAS 000, 1–12
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(a) ΛMSR, high mass (b) ΛMSR, BDs (c) Σ−m
Figure 3. Data for IC348. Panel (a) shows ΛMSR as a function of the NMST most massive stars. ΛMSR = 1.1, which is probably not a
significant deviation from unity. Panel (b) shows ΛMSR as a function of the NMST least massive objects. Again, the deviation from unity
is not likely to be significant. Panel (c) shows the median surface density for the most massive stars (red line), cluster average (blue line)
least massive BDs (orange line). Deviations from the median are not significant (KS test p-values of 0.49 and 0.20, respectively). The
Q-parameter is 0.98 (centrally concentrated).
to within the 14’ completeness radius from Luhman et al.
(2016), we find Q = 0.85, with m¯ = 0.53 and s¯ = 0.63. This
is a less centrally concentrated spatial profile (N ∝ r−1.5)
than is measured for the full dataset; this is unsurprising as
we are pruning the more distant objects from our determi-
nation of Q.
4.1.2 Mass segregation ratio, ΛMSR
In Fig. 3(a) we show the evolution of ΛMSR as a function of
the NMST most massive stars in the subset, which is com-
pared to the MSTs of objects randomly drawn from the
spatial distribution shown in Fig. 1. ΛMSR = 1.1
+0.2
−0.3 for the
NMST = 10 most massive stars, and does not deviate from
unity if we consider fewer (e.g. NMST = 4) or more stars.
We then show the ΛMSR ratio for the NMST least mas-
sive objects (brown dwarfs) in Fig. 3(b). ΛMSR = 0.8
+0.3
−0.1 for
the NMST = 10 least massive brown dwarfs and this plot
suggests that these objects are not more or less spatially
concentrated than the stars in IC 348.
We measure ΛMSR ∼ 1 for the 14’ completeness field,
suggesting that our results are not influenced by the inclu-
sion or otherwise of outlying objects.
4.1.3 Local surface density ratio, ΣLDR
The local surface density as a function of mass is shown for
all of the stars in our sample in Fig. 3(c). The median sur-
face density for the whole star-forming region is shown by
the blue dashed line, the median for the ten most massive
stars is shown by the red line and the median surface density
of the brown dwarfs is shown by the orange line. The surface
density ratio for the most massive stars is ΣLDR = 1.77, but
a Kolmogorov-Smirnov (KS) test between the two popula-
tions gives D = 0.25 and a p−value of 0.49 that the two
populations share the same underlying parent distribution.
Based on this, we cannot conclude that the most massive
stars reside in areas of higher than average surface density.
If we compare the surface densities of brown dwarfs to
the surface density of the whole star-forming region we have
ΣLDR = 0.82, which suggests the brown dwarfs reside in
areas of lower than average surface density. However, the
KS test between the two distributions has D = 0.33 and the
p−value is 0.20, again suggesting that the two populations
share the same underlying distribution.
Previous studies have suggested that the most massive
objects in IC 348 have significantly higher surface densities
than the lowest mass objects (Kirk & Myers 2012), and this
gradient is also visually apparent in our dataset. The con-
clusion in Kirk & Myers (2012) was drawn from analysing a
sample of 232 objects, which was split into two bins (high
and low mass). This may introduce an inherent bias if one
of the subsets in question (e.g. the most massive stars) con-
tains stars in regions of higher or lower density, because one
is then not comparing a subset of objects to an ‘average’,
such as the low-mass stars (0.08 – 1.0M⊙) in the sample.
We measure ΣLDR = 1.42 for the objects within 14’
of the centre, and as for the full sample, the difference
between the surface densities of the most massive stars
compared to the whole region are not significant. We find
similar conclusions when comparing the surface densities of
the substellar objects to the whole region.
To summarise the results for IC 348, the star-forming
region is centrally concentrated, with no evidence for mass
segregation according to ΛMSR, but a suggestion that the
most massive stars reside in areas of higher than average
surface density.
4.2 NGC1333
4.2.1 Spatial structure
We obtain Q = 0.89, which also indicates a centrally concen-
trated distribution and m¯ = 0.33 and s¯ = 0.37. Due to the
lower number of objects (162 compared to 459 for IC 348),
placing constraints on the structure of NGC1333 is more
difficult, but like IC 348 it is consistent with a N ∝ r−2.5
profile.
c© 2017 RAS, MNRAS 000, 1–12
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(a) ΛMSR, high mass (b) ΛMSR, BDs (c) Σ−m
Figure 4. Data for NGC1333. Panel (a) shows ΛMSR as a function of the NMST most massive stars. ΛMSR = 1.2, which is probably not
a significant deviation from unity. Panel (b) shows ΛMSR as a function of the NMST least massive objects. Again, the deviation from
unity is not likely to be significant. Panel (c) shows the median surface density for the most massive stars (red line), cluster average (blue
line) least massive BDs (orange line). Deviations from the median are not significant (KS test p-values of 0.92 and 0.22, respectively).
The Q-parameter is 0.89 (centrally concentrated).
If we restrict our determination of the Q-parameter to
within the ACIS-I completeness field, we find Q = 0.79,
with m¯ = 0.50 and s¯ = 0.64. This is a less centrally concen-
trated spatial profile than is measured for the full dataset,
and corresponds to a uniform distribution. Again, this is un-
surprising as we are pruning the more distant objects from
our determination of Q.
4.2.2 Mass segregation ratio, ΛMSR
In Fig. 4(a) we show the evolution of ΛMSR as a function of
the NMST most massive stars in the subset, which is com-
pared to the MSTs of objects randomly drawn from the
spatial distribution shown in Fig. 2. ΛMSR = 1.2
+0.4
−0.3 for the
NMST = 10 most massive stars, and also does not deviate
from unity if we consider fewer (e.g. NMST = 4) or more
stars.
We then show the ΛMSR ratio for the NMST least mas-
sive objects (brown dwarfs) in Fig. 4(b). ΛMSR = 0.9
+0.2
−0.3 for
the NMST = 10 least massive brown dwarfs and this plot
suggests that these objects are not more or less spatially
concentrated than the stars in IC 348.
ΛMSR ∼ 1 for the ACIS-I completeness field, suggest-
ing that our results are not influenced by the inclusion or
otherwise of outlying objects.
4.2.3 Local surface density ratio, ΣLDR
The local surface density as a function of mass is shown
for all of the stars in our sample in Fig. 4(c). The median
surface density for the whole cluster is shown by the blue
dashed line, the median for the ten most massive stars is
shown by the red line and the median surface density of
the brown dwarfs is shown by the orange line. The surface
density ratio for the most massive stars is ΣLDR = 1.03,
and a KS test between the two populations gives D = 0.17
and a p−value of 0.92 that the two populations share the
same underlying parent distribution and we conclude that
the most massive stars do not reside in more dense locations.
If we compare the surface densities of brown dwarfs to
the surface density of the whole star-forming region we have
ΣLDR = 1.00, and the KS test between the two distribu-
tions gives D = 0.33 and the p−value is 0.22, again sug-
gesting that the two populations share the same underlying
distribution.
ΣLDR ∼ 1 for both the most massive stars and the
substellar objects compared to all objects within the
ACIS-I completeness field, suggesting that our results are
not influenced by the inclusion or otherwise of outlying
objects.
To summarise the results for NGC1333, the star-
forming region is centrally concentrated, with no evidence
for mass segregation according to ΛMSR, and the most mas-
sive stars reside in areas of similar surface density to the
average.
5 COMPARISON WITH N-BODY
SIMULATIONS
In order to place our values for Q, ΛMSR and ΣLDR in con-
text, we compare them to snapshots of N-body simulations
of the evolution of star-forming regions. Parker et al. (2014)
and Parker (2014) show that using combinations of Q, ΛMSR
and ΣLDR can place constraints on the initial virial ratio and
the initial density of a star-forming region.
Both IC 348 and NGC1333 have Q > 0.8, indicative
of a smooth, centrally concentrated distribution with no
substructure (Cartwright & Whitworth 2004; Bastian et al.
2009; Sa´nchez & Alfaro 2009). Because substructure is the
expected outcome of star formation in filaments, we would
expect dynamically pristine regions (i.e. regions that have
experienced little or no dynamical evolution) to have Q <<
0.8. This is corroborated by hydrodynamical simulations of
star formation, which almost always display significant sub-
structure (Bate 2009; Girichidis et al. 2012; Dale et al. 2014;
Parker et al. 2015). It is possible to ‘freeze in’ substructure
if the initial virial state of the region is unbound, or if the
c© 2017 RAS, MNRAS 000, 1–12
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region is in virial equilibrium but has a low stellar density
(Parker et al. 2014).
Given that neither IC 348 nor NGC1333 display sub-
structure, we can deduce that they were initially subvirial
or virialised, and so we will compare the observed datapoints
to simulations of star-forming regions undergoing sub-virial
collapse to form a cluster (Adams et al. 2006; Allison et al.
2010; Parker et al. 2014).
5.1 Simulation initial conditions
We tailor our N-body simulations to the observed star-
forming regions by assigning masses from the complete sam-
ples for each region from Luhman et al. (2016), i.e. the ob-
jects within the 14’ radius in IC 348 and the objects within
the ACIS-I field in NGC1333. This gives a total of 425
objects for our IC 348-like regions, and 150 objects for
NGC1333. We randomly assign masses to the objects in
each simulation, meaning there is no preferred spatial dis-
tribution initially for any mass range. The mass functions
for both regions are consistent with the Maschberger (2013)
initial mass function (IMF), and in Appendix A we show
how changing the mass function has little effect on the dy-
namical evolution of the regions.
The simulations are set up with primordial substruc-
ture, in an effort to mimic the initial conditions of star for-
mation in both observed and (hydrodynamical) simulated
star-forming regions. We create substructured regions us-
ing the fractal method, which is a (relatively) straightfor-
ward way of setting up substructure and we refer the inter-
ested reader to Goodwin & Whitworth (2004); Parker et al.
(2014) for full details of the method. Observations (e.g.
Larson 1981; Hacar et al. 2013; Andre´ et al. 2014) suggest
that stellar velocities are correlated on local scales at forma-
tion, and our fractal generator creates kinematic substruc-
ture as well as spatial substructure (see Parker & Wright
2016, for details). The velocities of the stars are then scaled
to the global virial ratio, αvir = 0.3, which makes the
regions subvirial and induces collapse (Adams et al. 2006;
Allison et al. 2010).
The degree of spatial and kinematic substructure is set
by the fractal dimension, D, and our simulations all have
D = 1.6 initially (see Parker et al. 2014, for a full investiga-
tion of substructure parameter space). It is not straightfor-
ward to directly measure the fractal dimension of a star-
forming region, and a proxy is usally used. We use the
Q-parameter (Cartwright & Whitworth 2004; Cartwright
2009; Lomax et al. 2011; Jaffa et al. 2017), which can be
used to infer the fractal dimension of a region. However,
the Q-parameter is slightly dependent on the number of ob-
jects in a sample (Lomax et al. 2011; Parker & Dale 2015),
even though it is independent of the global size and density
of a region. As an example, a highly substructured region
(D = 1.6) with 425 stars will have a lower Q-parameter
than a region with 150 stars, and this should be kept in
mind when comparing star-forming regions with different
numbers of objects (see e.g. Parker & Dale 2015, their fig. 1
for an illustration of this).
We set up our simulations with a range of radii so as
to vary the initial local stellar density. Depending on the
simulation, this results in regions with initial densities as
low as 10M⊙ pc
−3 to densities as high as 5000M⊙ pc
−3.
A summary of the simulations, including their initial radii,
stellar density and number of stars is given in Table 1.
The simulations are evolved for 10Myr using
the kira integrator in the Starlab environment
(Portegies Zwart et al. 1999, 2001). We do not include
stellar evolution in the simulations as neither IC 348
or NGC1333 contain stars massive enough to evolve
significantly in the first 10Myr.
5.2 Comparison with IC 348
In Figs. 5, 6 and 7 we show the simulations set up to con-
strain the initial density of IC 348. In all three figures the
blue diamond symbol corresponds to the observed value for
IC 348 at its current age (3Myr). In each figure, panel (a)
shows the evolution of the Q-parameter, panel (b) shows
the Q-parameter against the mass segregation ratio ΛMSR
at three epochs in the simulation (0, 1 and 3Myr) and panel
(c) shows the Q-parameter against the local surface density
ratio ΣLDR at the same three epochs. The boundary between
a substructured and a smooth distribution is indicated by
the horizontal dashed line in all panels, and in panels (b)
and (c) ΛMSR = 1 (no mass segregation) and ΣLDR = 1 (no
enhanced surface densities) are shown by the vertical dashed
lines.
We show the evolution of simulations with initial
radii rF = 0.5 pc and 425 objects with masses from the
Luhman et al. (2016) dataset assigned randomly with po-
sition in Fig. 5. Our fractal initial conditions with this ra-
dius gives an initial median stellar density between 5000
– 10 000M⊙ pc
−3, depending on the random number seed
used to initialise the positions of the objects. These high
stellar densities facilitate dynamical interactions, and the
Q-parameters in the simulations are higher at 3Myr than
the observed value because interactions erase substruc-
ture (Scally & Clarke 2002; Goodwin & Whitworth 2004;
Parker & Meyer 2012). Similarly, due to the high num-
ber of interactions, dynamical mass segregation often oc-
curs (panel b), which is a natural outcome of dense, sub-
structured and (sub)virial initial conditions (McMillan et al.
2007; Allison et al. 2010; Parker et al. 2014).
The massive stars also attain higher than average lo-
cal densities (panel c) because they typically migrate to
the centre of a subvirial, collapsing star-forming region
(Parker et al. 2014), although other initial conditions can
lead to high ΣLDR values and for example the Q−ΣLDR plot
(panel c) can used to distinguish between a dense, subvirial
region (which would have high ΣLDR and high ΛMSR) and a
dense, supervirial (αvir = 1.5), whch would have high ΣLDR
but ΛMSR ∼ 1. The evolution of a cluster with dense, sub-
virial initial conditions is to move up and to the right in both
the Q−ΛMSR and Q−ΣLDR plots as it erases substructure,
dynamically mass segregates and the massive stars attain
higher than average local densities, all of which are incon-
sistent with the observed values (the blue diamonds).
In Fig. 6 we show the evolution of simulations with
initial radii rF = 1.5 pc, 425 objects and masses assigned
from the Luhman et al. (2016) sample, which gives initial
stellar densities between 100 – 500M⊙ pc
−3. These stellar
densities lead to a moderate level of dynamical evolution;
substructure is erased within the first 1 – 5Myr, and the
simulations are consistent with the observed Q-parameter
c© 2017 RAS, MNRAS 000, 1–12
Dynamical histories of IC 348 and NGC1333 7
Table 1. Summary of the N-body simulations used in this work. The columns show the star-forming region, mumber of stars, the IMF
used (either the data from Luhman et al. (2016) or the Maschberger (2013) IMF), the radius of the star-forming region, rF and the
median initial local density this radius results in, ρ˜ini.
Region Nstars IMF rF ρ˜ini
IC 348 425 Observed (Luhman et al. 2016) 0.5 pc 5000 – 10 000M⊙ pc−3
IC 348 425 Observed (Luhman et al. 2016) 1.5 pc 100 – 500M⊙ pc−3
IC 348 425 Maschberger (2013) 1.5 pc 100 – 500M⊙ pc−3
IC 348 425 Observed (Luhman et al. 2016) 3 pc 10 – 60M⊙ pc−3
NGC1333 150 Observed (Luhman et al. 2016) 0.5 pc 500 – 2000M⊙ pc−3
NGC1333 150 Maschberger (2013) 0.5 pc 500 – 2000M⊙ pc−3
(a) Q-parameter (b) Q− ΛMSR
(c) Q−ΣLDR
Figure 5. N-body simulations of star-forming regions containing 425 stars undergoing cool-collapse with stellar masses from the
Luhman et al. (2016) sample for IC 348 and initial stellar densities of 5000 – 10 000M⊙ pc−3. In panel (a) we show the evolution of
the Q-parameter; in panel (b) we show the Q − ΛMSR plot and in panel (c) we show the Q − ΣLDR plot. in panels (b) and (c) the
simulation data at 0, 1 and 3Myr are indicated by the plus signs, open circles and crosses, respectively. In all three panels, the blue
diamond symbol shows the observational value at 3Myr. The dashed horizontal line in all panels indicates the boundary between a
substructured (Q < 0.8) and a smooth (Q > 0.8) distribution, and in panels (b) and (c) the vertical dashed lines indicate ΛMSR = 1 (no
mass segregation) and ΣLDR = 1 (no enhanced surface densities) respectively.
at ages of 3Myr (panel a). Around half of our simulations
display mass segregation after 3Myr, but several are con-
sistent with the observed ΛMSR value and Q-parameter at
these ages (the crosses in panel b). Similarly, several simu-
lations present higher ΣLDR values than are observed (panel
c), but 25 per cent of the simulations are close to the ob-
served Q− ΣLDR value on the plot.
In Fig. 7 we show the evolution of simulations with ini-
tial radii rF = 3pc, 425 objects and masses assigned from
the Luhman et al. (2016) sample, which gives initial stellar
densities between 10 – 60M⊙ pc
−3. Spatial substructure is
maintained due to these low densities, and the regions re-
main substructured until well after 5Myr (panel a). No sig-
nificant mass segregation occurs (panel b), but some simu-
lations display high local surface densities for the most mas-
sive stars (ΣLDR >> 1) after 3Myr. However, because of
the retention of substructure, Q < 1 and the Q−ΛMSR and
Q− ΣLDR values are inconsistent with the observations.
In summary, our N-body simulations of IC 348 suggest
the region was initially substructured and sub-virial or in
virial equilibrium, with an initial stellar density in the range
of 100 – 500M⊙ pc
−3.
5.3 Comparison with NGC1333
We now focus on N-body simulations that attempt to mimic
NGC1333. We ran a series of models with different initial
stellar densities, but for the sake of brevity we omit a discus-
sion of the models whose initial density leads to dynamical
evolution that is not consistent with the observations.
In Fig. 8 we show the evolution of simulations with
initial radii rF = 0.5 pc, 150 objects and masses assigned
from the Luhman et al. (2016) sample, which gives initial
stellar densities between 500 – 2000M⊙ pc
−3. These rela-
tively high stellar densities cause the erasure of substructure
within the first 1 – 2Myr, as shown by the evolution of the
Q-parameter in Fig. 8(a). However, the simulations rarely
show evidence of mass segregation (panel b) or enhanced
surface densities for the most massive stars (panel c) within
the first 1Myr. We find that simulations with much higher
(>5000M⊙ pc
−3) or lower (<100M⊙ pc
−3) densities are in-
consistent with the observations. The boundary between a
substructured and a smooth distribution is indicated by the
horizontal dashed line in all panels, and in panels (b) and
(c) ΛMSR = 1 (no mass segregation) and ΣLDR = 1 (no en-
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(a) Q-parameter (b) Q− ΛMSR
(c) Q−ΣLDR
Figure 6. N-body simulations of star-forming regions containing 425 stars undergoing cool-collapse with stellar masses from the
Luhman et al. (2016) sample for IC 348 and initial stellar densities of 100 – 500M⊙ pc−3. In panel (a) we show the evolution of the
Q-parameter; in panel (b) we show the Q−ΛMSR plot and in panel (c) we show the Q−ΣLDR plot. in panels (b) and (c) the simulation
data at 0, 1 and 3Myr are indicated by the plus signs, open circles and crosses, respectively. In all three panels, the blue diamond
symbol shows the observational values at 3Myr. The dashed horizontal line in all panels indicates the boundary between a substructured
(Q < 0.8) and a smooth (Q > 0.8) distribution, and in panels (b) and (c) the vertical dashed lines indicate ΛMSR = 1 (no mass
segregation) and ΣLDR = 1 (no enhanced surface densities) respectively.
(a) Q-parameter (b) Q− ΛMSR
(c) Q−ΣLDR
Figure 7. N-body simulations of star-forming regions containing 425 stars undergoing cool-collapse with stellar masses from the
Luhman et al. (2016) sample for IC 348 and initial stellar densities of 10 – 60M⊙ pc−3. In panel (a) we show the evolution of the
Q-parameter; in panel (b) we show the Q−ΛMSR plot and in panel (c) we show the Q−ΣLDR plot. in panels (b) and (c) the simulation
data at 0, 1 and 3Myr are indicated by the plus signs, open circles and crosses, respectively. In all three panels, the blue diamond symbol
shows the observational value at 3Myr. The dashed horizontal line in all panels indicates the boundary between a substructured (Q < 0.8)
and a smooth (Q > 0.8) distribution, and in panels (b) and (c) the vertical dashed lines indicate ΛMSR = 1 (no mass segregation) and
ΣLDR = 1 (no enhanced surface densities) respectively.
hanced surface densities) are shown by the vertical dashed
lines. The blue hexagram symbols indicate the observed val-
ues for NGC1333 assuming an age of 1Myr.
The simulation values at 1Myr are therefore consis-
tent with the observed value for NGC1333 if the region
was initially substructured and sub-virial or in virial equi-
librium, with an initial stellar density in the range of 500 –
2000M⊙ pc
−3.
6 DISCUSSION
Our spatial analysis of IC 348 and NGC1333 show that both
star-forming regions are centrally concentrated, with no
mass segregation and no enhanced surface densities for the
most massive stars. The comparison with the N-body mod-
els suggest that IC 348 is consistent with having formed with
some substructure, subvirial initial conditions and moder-
ate stellar densities (ρ˜ ∼ 100 − 500M⊙ pc
−3). NGC1333 is
likely to have formed with slightly denser initial conditions
(ρ˜ ∼ 500− 2000M⊙ pc
−3).
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(a) Q-parameter (b) Q− ΛMSR
(c) Q−ΣLDR
Figure 8. N-body simulations of star-forming regions containing 150 stars undergoing cool-collapse with stellar masses from the
Luhman et al. (2016) sample for NGC1333 and initial stellar densities of 500 – 2000M⊙ pc−3. In panel (a) we show the evolution
of the Q-parameter; in panel (b) we show the Q− ΛMSR plot and in panel (c) we show the Q − ΣLDR plot. in panels (b) and (c) the
simulation data at 0, 1 and 3Myr are indicated by the plus signs, open circles and crosses, respectively. In all three panels, the blue
hexagram symbol shows the observational value at 1Myr. The dashed horizontal line in all panels indicates the boundary between a
substructured (Q < 0.8) and a smooth (Q > 0.8) distribution, and in panels (b) and (c) the vertical dashed lines indicate ΛMSR = 1 (no
mass segregation) and ΣLDR = 1 (no enhanced surface densities) respectively.
6.1 Potential biases
In order to determine the structural diagnostics Q, ΛMSR
and ΣLDR in a region, we must first be confident of mem-
bership for each star (all three diagnostics), and secondly,
reasonable estimates for individual stellar masses must be
made (ΛMSR and ΣLDR).
The datasets from Luhman et al. (2016) are the most
complete censuses of NGC1333 and IC 348 to date, and
therefore the Q-parameters are unlikely to be affected by in-
completeness (Parker & Meyer 2012; Parker & Dale 2015).
However, as we have shown, when we restrict our analyses to
the regions that have been extensively surveyed (within the
14’ radius in IC 348 and the ACIS-I field in NGC1333), the
Q-parameters are lower due to the pruning of more distant
objects from the analysis. It is important to emphasise that
if the areas outside the completeness limits are incomplete,
and there is therefore more substructure in both regions,
then each region is even more dynamically young, which re-
inforces our conclusion that they formed with moderate stel-
lar densities. There is very little difference in the values of
ΛMSR and ΣLDR within the completeness fields compared to
the full datasets, which again suggests that our conclusions
are robust against observational biases.
For ΛMSR and ΣLDR, the individual stellar masses are
likely accurate to within 20 – 30 per cent. This uncertainty
on stellar mass in one sense is not important, as long as
we correctly identify the subset of the ten most massive
stars which are used to assess whether the region is mass
segregated. Any stars hidden by differential extinction are
likely to be lower mass, which would give the impression
that the most massive stars are more centrally concentrated
(i.e. ΛMSR > 1), but have lower than average surface den-
sities (ΣLDR < 1). As we do not observe this combination,
we can be resonably confident that our measurements are
unaffected by this bias. As a check, we repeated our anal-
yses excluding objects whose measured extinction exceeded
AV > 4 magnitudes and found no difference to our results.
A caveat associated with the simulations is that our N-
body models assume instantaneous star formation, which
is obviously an idealised situation. The observations of
Foster et al. (2015) show that star-forming cores seem to
follow the gas structures on the outskirts of NGC1333. It is
therefore possible that the central regions of NGC1333 (and
indeed IC 348) will acquire more pre-main sequence stars
over time as filaments merge (cf Bate 2009; Myers 2011).
Our collapsing fractal simulations attempt to mimic this
star-formation scenario, but fall short of modelling any of
the gas physics. In this study N-body simulations do, how-
ever, hold the advantage in that they can be run to much
older physical ages than hydrodynamical simulations, and
can be directly compared to the observational data.
6.2 Comparison with kinematic studies
Recently, two separate studies have used high precision ra-
dial velocities to estimate the velocity dispersion of IC 348
and NGC1333, and determined the dynamic state of each
region by comparing the velocity dispersion with that ex-
pected if the region were in virial equilibrium using the virial
mass estimate, σvir, where
σvir =
√
2GM
ηR
. (5)
M is the chosen mass enclosed within radius R, and η de-
pends on the density profile of the region in question, and
is more difficult to determine.
Foster et al. (2015) observed a velocity dispersion in
NGC1333 of σ = 0.92 ± 0.12 km s−1, compared to a virial
mass estimate of σvir = 0.79 ± 0.20 kms
−1, suggesting that
the stars were in virial equilibrium. However, Foster et al.
(2015) also determined the velocity dispersion for the pre-
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stellar cores, and determined that they were subvirial. They
hypothesised that the prestellar cores form with subvirial
velocities, and two-body and violent relaxation causes the
forming stars to speed up and attain virial equilibrium
(Parker & Wright 2016).
Assuming that the prestellar cores observed today have
similar kinematic properties to the pre-stellar cores that
formed the present-day pre-main sequence stars, our data
are consistent with this collapsing scenario for NGC1333,
especially given our conclusion that NGC1333 was likely to
have been more dense in the past.
In the case of IC 348, Cottaar et al. (2015) find it likely
that this region is slightly supervirial, though still gravi-
tationally bound. For very dense initial conditions (ρ˜ ∼
104 M⊙ pc
−3) the violent relaxation of initially subvirial
clusters can create the illusion that they are supervirial and
highly unbound following a cool-collapse (Parker & Wright
2016). However, our analysis of the spatial diagnostics rules
out such high initial stellar densities, suggesting that IC 348
either formed without substructure (i.e. the present-day Q-
parameter reflects the initial conditions), or there may be
an underlying problem with estimating the virial state from
the velocity dispersion alone.
The scenario that IC 348 formed without primordial
substructure is unlikely; even modest dynamical evolu-
tion in a star-forming region with a stellar density of
∼ 102M⊙ pc
−3 would result in the erasure of initial
substructure (Scally & Clarke 2002; Parker & Meyer 2012;
Parker & Dale 2013; Parker et al. 2014; Parker 2014) and
the measured Q = 0.98 would result from dynamical evolu-
tion of a medium density region (as shown in Fig. 6(a)).
On the other hand, the use of the velocity dispersion in
isolation to determine the virial state of a region was shown
to be problematic by Parker & Wright (2016) for several
reasons. First, the estimate of the velocity dispersion en-
closed within the virial mass requires the determination of
the structure parameter, η, which varies between ∼ 1 − 12
depending on the amount of substructure present. Further-
more, the mass M used to estimate the virial mass velocity
dispersion in Equation 5 requires an estimate of the con-
tribution of the gas potential, which is difficult to deter-
mine in IC 348 (Cottaar et al. 2015). Finally, the effects of
binary orbital motion must first be removed from the veloc-
ity dispersion (Cottaar et al. 2012), which assumes the or-
bital properties of binaries in IC 348 are similar to binaries
in the Solar neighbourhood. It is far from clear that binaries
do have universal orbital properties in nearby star-forming
regions (King et al. 2012; Parker 2014).
6.3 A typical density for star formation?
It is worth placing the derived initial densities (ρ˜ ∼ 100 −
500M⊙ pc
−3 for IC 348 and ρ˜ ∼ 500 − 2000M⊙ pc
−3 for
NGC1333) in the context of those in other nearby star-
forming regions. In Taurus, ρ Ophiuchus and Chamaeleon I,
the Q − ΣLDR diagram suggests initial densities very sim-
ilar to their observed present-day density (Parker 2014;
Sacco et al. 2017). All three regions are low-mass (as are
IC 348 and NGC1333 and many other star-forming regions
within 1 kpc of the Sun).
The Orion Nebula Cluster is the most massive nearby
star-forming region, and its position on the Q− ΣLDR dia-
gram points towards high-density (ρ˜ > 103 M⊙ pc
−3) initial
conditions. However, spatial and kinematic analysis of the
more distant but massive Cyg OB2 association is also consis-
tent with low-density initial conditions (Wright et al. 2014;
Wright et al. 2016). A larger sample of star-forming regions
should be analysed, but our results in tandem with others
suggest that the typical stellar density of star formation is
likely to be around ρ˜ ∼ 102 − 103M⊙ pc
−3.
Interestingly, these stellar densities straddle the border
between the density regime (ρ˜ >1000M⊙ pc
−3) where dy-
namical interactions could significantly alter planetary sys-
tems and discs (Adams et al. 2006; Parker & Quanz 2012;
Vincke et al. 2015) and affect the orbital properties of bi-
nary systems (Kroupa 1995; Parker & Goodwin 2012) and
much more benign initial conditions (ρ˜ ∼<100M⊙ pc
−3)
where dynamical interactions are unimportant. Clearly, a
larger census of star-forming regions is required to address
whether there exists a typical density for star formation,
and kinematic data from Gaia (Gaia Collaboration et al.
2016) and associated spectroscopic surveys such as Gaia-
ESO (Gilmore et al. 2012) will be crucial in our understand-
ing of this problem.
7 CONCLUSIONS
We have presented an analysis of the spatial distributions
of stars in two nearby star-forming regions in the Perseus
molecular cloud, the 3Myr old IC 348 and the 1Myr old
NGC1333. We determine the structure as measured by the
Q-parameter, the ΛMSR measure of mass segregation and
the ΣLDR measure of the relative surface densities of the
most massive stars compared to low-mass stars. We then
compare these values to N-body simulations of the evolution
of star-forming regions with a range of initial conditions. Our
conclusions are the following.
(i) IC 348 has a Q-parameter of 0.98, ΛMSR = 1.1
+0.2
−0.3
and ΣLDR = 1.77. Compared to N-body simulations at sim-
ilar ages (2 – 3Myr), these values suggest subvirial, medium
density (ρ˜ ∼ 102M⊙ pc
−3) initial conditions.
(ii) Similarly, NGC1333 has a Q-parameter of 0.89,
ΛMSR = 1.2
+0.4
−0.3 and ΣLDR = 1.03. Compared to N-body
simulations at similar ages (∼1Myr), these values also sug-
gest subvirial velocities, but with medium-to-high density
(ρ˜ ∼ 103M⊙ pc
−3) initial conditions.
(iii) The spatial analysis of NGC1333 is consistent with
estimates of its virial state using the radial velocity disper-
sion, whereas IC 348 is slightly discrepant in that the spatial
analysis suggests the region is in virial equilibrium, whereas
the velocity dispersion hints at a supervirial state.
(iv) The initial inferred density for IC 348 is similar
to its present-day density (ρ˜ ∼ 102M⊙ pc
−3), but is higher
for NGC1333. In comparison to other nearby star-forming
regions, these initial densities are lower than that inferred
for e.g. the Orion Nebula Cluster, but higher than the
nearby Taurus star-forming region.
Based on these results, and other nearby star-forming
regions (Parker 2014), the typical initial stellar density for
star-forming regions is between ρ˜ ∼ 102 − 103 M⊙ pc
−3,
which is dense enough to perturb a moderate fraction (up
c© 2017 RAS, MNRAS 000, 1–12
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to ∼ 10 per cent; Parker & Quanz 2012) of protoplanetary
discs and binary stars.
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APPENDIX A: N-BODY SIMULATIONS WITH
A STATISTICAL IMF
The form of the initial mass function (IMF) is gener-
ally universal, at least on local scales (Bastian et al. 2010;
Offner et al. 2014). Both IC 348 and NGC1333 are consis-
tent with the common analytical approximations for the
form of the IMF in the literature (e.g. Kroupa et al. 1993;
Chabrier 2005; Maschberger 2013). However, due to the
low numbers of stars in each region (425 for IC 348 and
150 for NGC1333), neither region has a fully sampled
IMF and statistical variations can lead to noticeably dif-
ferent IMFs if they are randomly sampled (Elmegreen 2006;
Parker & Goodwin 2007; Maschberger & Clarke 2008).
Kouwenhoven et al. (2014) show that subtle changes to
the IMF of a star cluster can lead to differences in the prop-
erties of the clusters at later ages and in this Section we
examine the evolution of an IC 348-like star-forming region
with masses drawn from a Maschberger (2013) IMF instead
of using masses from the Luhman et al. (2016) datasets. We
repeat the simulation from Section 5 with 425 stars and an
initial radius of rF = 1.5 pc and draw masses from the prob-
ability distribution function in Maschberger (2013):
p(m) ∝
(
m
µ
)−α(
1 +
(
m
µ
)1−α)−β
. (A1)
Here, µ = 0.2M⊙ is the average stellar mass, α = 2.3 is the
Salpeter (1955) power-law exponent for higher mass stars,
and β = 1.4 is used to describe the slope of the IMF for
low-mass objects (which also deviates from the log-normal
form; Bastian, Covey & Meyer 2010). Finally, we sample
from this IMF within the mass range mlow = 0.01M⊙ to
mup = 50M⊙.
The evolution of this star-forming region is shown in
Fig. A1, which should be directly compared to Fig. 6. We
also performed a similar experiment for an NGC1333-like
cluster, instead drawing 150 stars from Eqn. A1 and compar-
ing with the evolution of the simulations in Fig. 8. The varia-
tion between the simulations for both regions is not beyond
what we would expect in the stochastic evolution of low-
mass systems (Allison et al. 2010; Parker et al. 2014) and we
conclude that the mass function measured by Luhman et al.
(2016) does not result in a different dynamical history from
a similar region with a field-like IMF.
c© 2017 RAS, MNRAS 000, 1–12
Dynamical histories of IC 348 and NGC1333 13
(a) Q-parameter (b) Q− ΛMSR
(c) Q−ΣLDR
Figure A1. As Fig. 6 but with stellar masses drawn randomly from an initial mass function. N-body simulations of star-forming regions
containing 425 stars undergoing cool-collapse with stellar masses drawn from a Maschberger (2013) IMF and initial stellar densities of
100 – 500M⊙ pc−3. In panel (a) we show the evolution of the Q-parameter; in panel (b) we show the Q− ΛMSR plot and in panel (c)
we show the Q − ΣLDR plot. in panels (b) and (c) the simulation data at 0, 1 and 3Myr are indicated by the plus signs, open circles
and crosses, respectively. In all three panels, the blue diamond symbol shows the observational value at 3Myr.
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